Aims: The aims of this study were to develop a pharmacokinetic (PK) and PK-pharmacodynamic (PK/PD) model of cinacalcet in adults and paediatrics with secondary hyperparathyroidism (SHPT) on dialysis, to test covariates of interest, and to perform simulations to inform dosing in paediatrics with SHPT.
| INTRODUCTION
Chronic kidney disease-mineral bone disorder is a complex condition associated with end-stage renal disease (ESRD). 1 Loss of kidney function results in decreased vitamin D synthesis and subsequent hypocalcaemia leading to parathyroid hormone (PTH) overproduction. 2, 3 Chronic oversecretion of PTH as chronic kidney disease (CKD) progresses to ESRD acts to mobilize calcium (Ca) from bone, ultimately leading to the syndrome of secondary hyperparathyroidism (SHPT) characterized by deleterious effects on bone, further disturbances in mineral metabolism, particularly Ca and phosphorus (P), and pathological effects in a variety of organ systems including soft tissue and vascular calcification, left ventricular hypertrophy and increased risk for cardiovascular events. [4] [5] [6] [7] [8] The deleterious effects of PTH on bone take on added significance in paediatric patients who are at various stages of skeletal development. [9] [10] [11] [12] [13] [14] [15] Therapeutic strategies to control hyperparathyroidism have focused on control of PTH hypersecretion by the parathyroid gland.
The parathyroid gland Ca-sensing receptor (CaS receptor) is sensitive to changes in extracellular Ca and maintains serum Ca levels through control of PTH secretion and renal Ca reabsorption. [16] [17] [18] When serum Ca levels are too low, the parathyroid gland increases secretion of PTH and, conversely, when serum Ca levels increase, PTH secretion is inhibited. The CaS receptor agonists, referred to as calcimimetics, activate the CaS receptor and increase the sensitivity of the CaS receptor to extracellular Ca, thereby signalling the parathyroid to decrease secretion of PTH. [19] [20] [21] Calcimimetics have also been shown to inhibit PTH gene expression. 22 Cinacalcet is a first-in-class calcimimetic agent that acts as an allosteric modulator of the CaS receptor on the surface of the parathyroid cell, increasing the sensitivity of the CaS receptor to extracellular Ca, ultimately leading to a decrease in PTH secretion. 23 Cinacalcet is extensively metabolized by multiple hepatic cytochrome P450 (CYP) enzymes (primarily 3A4, 2D6 and 1A2) with <1% of the parent drug excreted in the urine. 24 Additionally, cinacalcet is not dialysable during the haemodialysis session. As such, degree of renal impairment and mode of dialysis do not affect the pharmacokinetics (PK) or the pharmacodynamics (PD) of cinacalcet. 25 Because of the Ca-lowering effects of cinacalcet and associated safety concerns (hypocalcaemia) as well as the potential liabilities of excessive lowering of PTH (below the normal range), the drug should be administered according to a dose titration scheme/algorithm based on PTH and serum Ca levels during treatment. Cinacalcet has been approved by the US Food and Drug Administration and European Medicines Agency for use in adults with dosage guidelines from a titration scheme aimed at lowering PTH and Ca levels with minimal safety risks that may result from extremely low serum Ca levels. 26, 27 Despite recent approval for cinacalcet use in paediatrics in Europe, there is a lack of guidance for safe and efficacious dosing in paediatric patients in the US, due to challenges with recruiting patients from a limited population of paediatric dialysis patients and concerns about potential safety issues seen in Phase 3 clinical studies in adults.
This study reports on a pooled pharmacometric analysis of cinacalcet for treatment of SHPT in adult and paediatric subjects.
The primary objective was to develop a PK and PK/PD model of cinacalcet and markers of efficacy (serum PTH concentration) and safety (serum Ca concentration) in order to compare and bridge adult PK and PD parameters with paediatric subjects. Accordingly, the effects of cinacalcet on the time course of PTH and serum Ca in paediatrics were investigated. Covariates of interest were assessed, and model-based simulations were performed to compare PK, PTH and serum Ca between adults and paediatric patients in support of a recommended starting dose and a dose titration scheme aimed to achieve desired efficacy and safety endpoints.
2 | METHODS
| Study design
Cinacalcet plasma, serum intact PTH (iPTH) and serum corrected Ca (cCa) concentration-time data were obtained from four paediatric clinical studies in CKD patients with SHPT receiving dialysis, and four adult clinical studies, three of which included ESRD patients with SHPT and one in healthy subjects treated with single and multiple doses of cinacalcet (Table 1 ). Blood samples were collected from adult and paediatric patients with SHPT at predefined time intervals following single or repeated and titrated oral administration (1-300 mg) to assess PK and PD of cinacalcet (Table 1) . Recommended cinacalcet starting doses (grouped and based on dry weight to target ≤0.2 mg kg −1 ) and titration schedules were applied to attain iPTH and cCa within target range while minimizing risk of hypoparathyroidism, hypocalcaemia and the associated adverse events (Supporting Information S2). Study protocols were approved by the institutional review board/independent ethics committee of each study centre.
All procedures involving human participants were performed across
What is already known about this subject
• Cinacalcet is a calcimimetic agent for the treatment of secondary hyperparathyroidism in subjects with chronic kidney disease on dialysis. At the time of this analysis, cinacalcet was only approved for use in adults.
What this study adds
• Utility of pharmacokinetic-pharmacodynamic modelling to support bridging cinacalcet effects in adult and paediatric patients.
• These analyses were the basis for selecting dosing algorithms in paediatrics and consequent approval in the EU. 
| Analytical methods/assay PK and PD parameters
Cinacalcet plasma concentrations were analysed by a validated liquid chromatography/mass spectrometry method (lower limit of quantitation = 0.1 ng ml −1 ); iPTH serum concentrations were determined using an immunometric assay (ADVlA Centaur ® PTH Assay, Siemens Healthcare, Erlangen, Germany) with a lower limit of quantitation = 10.5 pg ml −1 ; and cCa concentrations using standard methods. 28 Further details (internal standard, precision and interday variability) on the non-commercial assays used are provided in Supporting Information S1. A total of 2994 (34.7%) PK cinacalcet concentrations were below the lower limits of quantification and were subsequently excluded from further analyses.
| Model development and covariate analysis
The pooled dataset was divided into two datasets: an index dataset which constituted 70% of the total data and a test dataset which constituted 30% of the total data. Division of the pooled dataset was performed randomly but ensured that different age groups of the paediatric subjects were represented in similar proportions in index and test datasets. The final index and test datasets reflected comparable demographics to the combined dataset. Data from the index dataset were used to develop a PK and PK/PD model and to evaluate the effects of relevant covariates on PK and PK/PD model parameters.
Data from the test dataset were used to externally evaluate the model.
Data from the pooled dataset were subsequently used to update the model and quantify the model parameters and the final analysis of covariate effects of covariates on PK and PK/PD parameters.
Variations of simple direct or indirect response PK/PD models were explored graphically as potential model structures that may describe the time courses of iPTH and cCa, based on physiological/ pathophysiological knowledge. Additional mechanism-based components that quantitatively describe the physiological interaction between the iPTH, cCa and cinacalcet (allosteric activation) were also evaluated as part of the structural model. These components were physiologically relevant and eventually deemed appropriate to characterize the time courses of iPTH and cCa ( Figure 1 ).
Covariate analysis was conducted using stepwise forward selection (α = 0.005), followed by a backward elimination approach (α = 0.001). The established PK and PK/PD models were evaluated using standard goodness-of-fit diagnostic plots, internal prediction-corrected visual predictive checks (pcVPC) and external pcVPC against the test dataset. Residual variability parameters were used for PK, iPTH and cCa using additive error models after natural logarithmic transformation of the measured concentrations and model predictions. Cinacalcet initial half-life for paediatrics across all age groups was calculated based on median estimates of clearances and volumes of distribution.
The effective half-life in paediatrics across all age groups and adults was calculated based on the accumulation ratio on Day 10.
| Model-based trial simulations
Model-based simulations were used to explore and compare the PK properties, exposure-response relationship, as well as predict the efficacy and safety profiles following treatment with cinacalcet FIGURE 1 PK/PD model schematic. CaS receptor, calcium-sensing receptor; cCa, corrected calcium; CL/F, apparent systemic clearance; iPTH, intact parathyroid hormone; K in cCa , the first order input rate for Ca; K out cCa , the first order elimination rate for Ca; Q/F, apparent distribution clearance; T lag , lag time implementing the dose titration algorithms in both adult and paediatric subjects. The median PK, iPTH and cCa time-course profiles were summarized and plotted based on age/weight cutoffs as evaluated in clinical development and/or recommended in the Summary of Product Characteristics (SmPC, Supporting Information S2).
Additionally, for each dose group, the median and 90% prediction interval (PI) of the time courses of cinacalcet concentration, and the resulting iPTH and cCa, were also graphically represented and visually compared.
| Simulations to compare exposure from a 30 mg adult dose across increasing doses in paediatrics
Time courses of cinacalcet PK, iPTH and cCa in paediatric subjects were simulated with doses ranging from 1 to 180 mg across paediatric age groups according to doses recommended in the SmPC (Supporting Information S2). Adult simulations at the starting dose of 30 mg were also simulated. Realistic age-weight-sex distributions for paediatric population age 28 days-18 years were obtained by randomly and jointly sampling patients' age, weight and sex combinations from the National Health and Nutrition Examination Survey paediatric demographic database. 29, 30 Weights for adult patients were sampled from demographics in cinacalcet clinical trials. The median and 90% PI of PK, iPTH and cCa time-course profiles were summarized and plotted based on age/weight cutoffs recommended in the SmPC.
| Simulations to compare current treatment algorithms in adults to paediatric label-proposed dosing algorithms
To evaluate the titration dose algorithm in paediatric subjects and to compare to cinacalcet effects in adults, the final PK/PD model was used to simulate time courses of cinacalcet exposures, iPTH and cCa. These simulations were performed employing the approved treatment algorithm in adults and the label-proposed treatment algorithm in paediatric subjects. . A 30% reduction from baseline iPTH represents the maximal suppression of PTH induced by hypercalcaemia or following parathyroidectomy and indicates the normalization of parathyroid function. 33 Furthermore, a 30% reduction corresponds to the iPTH primary clinical endpoint target on which cinacalcet approval in adults was based.
| Statistical considerations
A series of the models (described above) were evaluated to identify the most preferable structural and statistical models. A preferable model was defined as one that converged successfully, had a successful estimation of the standard errors, produced reasonable parameter estimates, improved the goodness-of-fit graphics, and had low interand intra-individual variability. In addition, for each model, the improvement in the fit obtained was assessed by examination of several diagnostics.
| Software
Population PK and PK/PD modelling were performed using a nonlinear mixed effects modelling approach with NONMEM 7.2 software.
Paediatric trial simulations with adaptive drug titration were performed with Simulo version 5.3.2. (SGS-Exprimo), which is a JAVA-based software creating and running R scripts (version 2.14.2).
Data manipulation and graphical presentations were performed in R version 3.1.0.
| Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to Pharmacology, 34 and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18. 35 
| RESULTS
Cinacalcet plasma concentration-time profiles in healthy subjects or patients with SHPT receiving haemodialysis showed that plasma cinacalcet concentrations declined over time in a bi-exponential manner in both adult and paediatric subjects. Cinacalcet PK were adequately described by a two-compartment linear model with delayed first-order absorption and first-order elimination from the central compartment following single and/or multiple oral dosing in healthy subjects or patients with SHPT receiving haemodialysis ( Figure 1 ).
Steps to derive a semi-mechanistic PK/PD model to characterize the interplay between cinacalcet, iPTH and cCa, including the role of PTH in Ca regulation, the feedback of Ca onto PTH production via the CaS receptor, and the activity of cinacalcet plasma levels in increasing the sensitivity of the CaS receptor to Ca via cooperative binding are described in Table 2 and depicted in Figure 1 .
The PK and PD parameter estimates are summarized in Tables 3   and 4 , respectively. All PK parameters were estimated with good pre- 
production is stimulated by increases in iPTH from baseline
• iPTH production is directly inhibited by changes in CaS receptor occupancy by the innate ligand, ionized Ca, relative to the baseline (no cinacalcet treatment) occupancy
• K D , the equilibrium dissociation constant of ionized Ca, was assumed to be 1.2 mM.
36
Ionized Ca was calculated empirically as 0.45 of cCa.
28
• The fractional change in CaS receptor occupancy relative to baseline is the driving force for iPTH production in the absence of rich iPTH data at early time points following dosing iPTH turnover is very rapid, and due to the relative sparseness of PTH data in the early period following dosing, the expected temporal dissociation from cinacalcet pharmacokinetics was not apparent in the available sparse data
Pseudo steady-state model
• iPTH levels are directly related to CaS receptor occupancy • iPTH 0 is the baseline iPTH level
• ρ0 is the ionized Ca/CaS receptor occupancy at baseline • λ is a constant determining the strength of the effect of changes in ρ on iPTH production
As an increase in receptor occupancy is expected to lead to a decrease in iPTH production rate, λ is expected to be negative. 
• Cinacalcet increases the affinity of the CaS receptor for Ca, thus leading to an increased CaS receptor occupancy by Ca and stimulation of PTH production for the same Ca concentration
• K i is the equilibrium dissociation constant for cinacalcet at the CaS receptor , the positive value indicating that cinacalcet increases Ca potency at the CaS receptor. Inter-individual variability in allosteric ratio, power on change in iPTH, and power on change in receptor occupancy were relatively high (78-133% CV). Baseline age, weight, race, sex and P were assessed as covariates, none of which were identified as statistically significant predictors of PD variability.
The internal pcPVC for the final PK/PD model for iPTH and cCa, separated by age group, is shown in Figures 2A and 2B , respectively.
The bulk of the data fell within the prediction-corrected PIs. Trends in the prediction-corrected observed (blue circle) data were 
• cCa 0 is the estimated baseline cCa value
• K in,Ca is the zero-order production rate of cCa Visual inspection of individual cinacalcet PK, iPTH and cCa concentrations vs time profile suggested that model parameters varied between subjects. As a consequence, between-subjects variability (inter-individual variability, IIV) in a model parameter, P, was included in the model and was assumed to be lognormally distributed
Equation 7.
Accounting for inter-individual variability in model parameters
• P j is the model parameter for the j th individual
• P* is the population typical value for the model parameter; η j is a random II effect and it is assumed to be a random Gaussian variable with zero mean and variance
Residual variability parameters were used for PK, iPTH and cCa using additive error models after natural logarithmic transformation of the measured concentrations and model predictions adequately captured by the corresponding simulation-based prediction-corrected median and the 95% PI. The external pcVPC is shown in Supporting Information S10.
Simulation data suggested that the starting dose for paediatrics <2 years (1 or 2.5 mg), 2-6 years (1, 2.5 or 5 mg), and 6-18 years (2.5, 5, 10 or 15 mg), respectively, would provide lower or similar PK exposure compared with a 30 mg dose in adults (Supporting Information S6-S7).
The median half-life (distribution phase; describing the majority of cinacalcet exposure) in paediatric and adult subjects was 2.29 and 4.27 hours, respectively. This estimate is in line with the expected PK behaviour of cinacalcet, 24, 41 and is consistent with the previously reported half-life estimate of 6 hours. 24 Ca 0 Patient and Ca 0 HV , baseline Ca level for patient and healthy subjects, respectively; CV, coefficient of variation; K out,Ca Patient and K out,Ca HV , the first order elimination rate for Ca for patient and healthy subjects, respectively; PTH 0 Patient and PTH 0 HV , baseline iPTH level for patient and healthy subjects, respectively; Power on PTH Patient and Power on PTH HV , the power relating changes in iPTH from baseline to Ca production for patient and healthy subjects, respectively; Power on RO Patient and Power on RO HV , a constant determining the strength of the effect of changes in receptor occupancy (RO) on iPTH production for patient and healthy subjects, respectively; Ratio Patient and Ratio HV , for patient and healthy subjects, respectively; RO, receptor occupancy; RSE, relative standard error; ω PTH0 , ω Ca0 , ω Ratio , ω Power on PTH and ω Power on RO , inter-individual variability (expressed as % CV) on PTH 0 , Ca 0 , ratio, power on PTH, and power on RO, respectively; σ iPTH Patient and σ iPTH HV , proportional residual error expressed as additive error on log scaled iPTH for patients and healthy subjects, respectively; σ cCa Patient and σ cCa HV , proportional residual error expressed as additive on log scaled Ca for patients and healthy subjects, respectively.
FIGURE 2 Prediction-corrected visual predictive check for the final PK/PD model (combined dataset with additional 5 subjects in Study 20110100) for iPTH A, and corrected calcium B, separated by age group. Note that the bulk of the data fell within prediction-corrected prediction intervals. cCa, corrected calcium; CI, confidence interval; iPTH, intact parathyroid hormone; Obs, observed; PK/PD, pharmacokinetics/ pharmacodynamics; Sim, simulated . Black line and shaded area indicates the mean and 90% prediction interval, respectively; cCa, corrected calcium; iPTH, intact parathyroid hormone The final PK model that included linear elimination and body weight effects with fixed exponents to standard allometric exponents on CL and volume terms resulted in the best fit among several models tested. The results reported herein are generally consistent with previous analyses, in which systemic cinacalcet exposure followed linear and non-time-dependent PKs, with the estimated population CL/F consistent with previous population analyses. 24, 43 Following oral administration, absorption from gastrointestinal tract was relatively fast in both adults and paediatrics. There was notable IIV in PK parameters (CV% 34-102%), with the greatest variability observed for absorption rate. The estimated central volume of distribution was approximately 1.5-fold higher than previously reported.
This was thought to be attributed to variability in blood sampling and sparse sampling schemas commonly applied during the absorption/distribution phases in paediatric trials.
Patients receiving dialysis commonly present with multiple comorbid conditions and multiple concurrent therapies, especially those utilized to control serum biochemical and mineral levels, such previously. 50 This means that while there was a rapid decrease in the iPTH time course following cinacalcet administration, there was a time delay between peak drug concentrations and Ca response.
As complex changes in physiology due to growth and maturation may lead to age-related changes in PK for paediatric patients, evaluating the impact of developmentally dependent (ontogeny) expression of drug metabolizing enzymes may be important to understand the PK in paediatric subjects. Given the multiple routes for CYP450-mediated cinacalcet metabolism and elimination, any fluctuations in enzyme expression in paediatric patients under 2 years of age are not expected to notably affect cinacalcet exposures compared to older paediatric patients. In addition, any changes in enzymatic activity have typically resulted in lower drug absorption and exposure in infants than in older children and adults, and should be considered when constructing PK/PD models for paediatrics. 44 However, in children 2 years of age and older, PK parameters can be reasonably predicted from adult data using size differences in PK. 51 No data from infants under 2 years of age were included in the analysis dataset used for modelling in this study. Accordingly, the need to consider enzymatic activity maturation in our analyses was deemed unnecessary.
Within the range of patient-related, and disease-specific covariates evaluated, there were no statistically significant predictors of PD parameters. Of note, plots of post hoc individual parameters vs age suggested no relationship between PD parameters and age (Supporting Information S6). Since age and body weight were highly correlated in the pooled population, it is likely that body weight in PK models accounted for the potential difference in PK as well as resultant PK/PD relationship between adults and paediatrics. Therefore, further age-based adjustments of cinacalcet were not warranted.
Model-based simulations for paediatric patients showed that, the median starting dose suggested in the SmPC table for paediatrics <2 years, 2-6 years and 6-18 years, respectively, would provide less or similar PK exposures compared with a 30 mg dose in adults (Supporting Information S6-S7). As would be expected given the short half-life of cinacalcet, simulation results also suggested that a modest degree of accumulation upon multiple dosing would occur. Simulations of iPTH and serum cCa in the paediatric setting predicted a dosedependent reduction in median iPTH and serum cCa. The maximum median reduction in iPTH was predicted to be <60% of baseline at the highest starting dose (10 mg), with a <5% median reduction in nadir serum cCa, with both exhibiting some degree of overlap in exposures and response across the different dose levels as a result of the estimated IIV (Supporting Information S8-S9).
At each starting dose level in paediatrics, the maximum median iPTH suppression was rapidly achieved following cinacalcet administration, with only limited fluctuations in serum cCa predicted within a dosing interval (Supporting Information S8). PK and iPTH changes reached steady-state within 1 week after treatment initiation, with serum cCa changes predicted to be stable beyond 10 days of daily dosing. Upon cessation of treatment, iPTH and cCa levels returned towards baseline. At each starting dose level, median iPTH changes from baseline fluctuated highly within a dosing interval corresponding temporally to fluctuations in drug exposures upon drug elimination and re-administration for 4 weeks (Supporting Information S6-S10). At each starting dose level in paediatrics, there were proportions of subjects with larger cCa changes from baseline. However, even at the highest starting dose (10 mg), no subjects were predicted to have serum cCa reductions below 85% of baseline. Therefore, the starting dose suggested in the SmPC would occur following bi-weekly or weekly cCa monitoring and that the mean dose at Week 24 for paediatric patients would be similar.
Thus, the PTH and cCa response following the more frequent cCa monitoring (weekly) was not expected to be significantly different from that following less frequent cCa monitoring (bi-weekly, as described in the SmPC). The adequacy of the proposed dose titration algorithm across all paediatric age groups in achieving desired efficacy and safety outcomes is supported by observations of fewer titration occasions in the paediatric design, smaller dose escalation steps and fewer subjects reaching maximum dose by weight.
In conclusion, a semi-physiological model has been developed incorporating key components of the PTH/Ca homeostatic system, in which cinacalcet acts through allosteric activation of the CaS receptor, in both adults and paediatric subjects with CKD and SHPT on haemodialysis. Model-based simulations implementing the titrated cinacalcet dose algorithm also demonstrated adequate PTH reductions with limited changes in serum cCa, thereby supporting the adequacy of the proposed dose titration algorithm in achieving desirable efficacy and safety balance across all paediatric groups.
